The dynamic behavior of the meniscus of a potassium hydroxide and sulfuric acid droplet on a platinum electrode was studied using a charge-coupled device (CCD) camera and confocal laser microscopy. The three-phase interface was investigated during the hydrogen oxidation reaction (HOR) and the hydrogen evolution reaction (HER). Contact angle measurements revealed a spreading interface during the HER whereas the droplet shape remained unchanged during the HOR for both droplets. The overhead view revealed the formation of many fine droplets near the meniscus boundary during the HOR in the alkaline electrolyte, which agrees with previous results for the oxygen reduction reaction (ORR). The correlation of these observations with electrochemical data and differences in the results between the HOR and the HER suggest that the motion of the meniscus was induced by local pH and temperature gradients, presumably caused by a non-uniform reaction because of the limitations of the dissolved gas. Hydrogen is an attractive energy source as an alternative to fossil fuels. [1] [2] [3] [4] Hydrogen can be produced from water and used in fuel cells. No toxic gases are generated and thus energy shortages and environmental problems can be prevented. Unitized regenerative fuel cells (URFCs) are ideal energy devices.
Hydrogen is an attractive energy source as an alternative to fossil fuels. [1] [2] [3] [4] Hydrogen can be produced from water and used in fuel cells. No toxic gases are generated and thus energy shortages and environmental problems can be prevented. Unitized regenerative fuel cells (URFCs) are ideal energy devices. [5] [6] [7] They function by generating electricity as fuel cells and they produce hydrogen gas by water electrolysis. They are compact and economic because common electrodes may be used. However, URFCs require highly controlled wettability and this is dependent on the operational mode. A hydrophobic nature is desired for the fuel cell mode and a hydrophilic is required for water electrolysis. Therefore, intrinsic interfacial properties make it difficult to improve the energy conversion efficiency.
The complex interface consists of an electrode (solid), an electrolyte (liquid), and a gas (air) and this is referred to as the three-phase interface, which is an essential part of the relevant electrochemical reaction. The meniscus plays an important role in controlling the reaction rate. [8] [9] [10] [11] [12] [13] Inaba et al. reported that the hydrogen oxidation reaction (HOR) was affected by the shape of the meniscus, which determines the diffusion path of the dissolved gas. 14 With an alkaline electrolyte, interesting interfacial phenomena have been observed. [15] [16] [17] [18] [19] [20] [21] In a previous study, we observed an in situ meniscus motion during the oxygen reduction reaction (ORR) and the oxygen evolution reaction (OER) on a platinum electrode. 17 A spread of the three-phase interface during the ORR was observed and the role of hydroxide ions in determining the surface tension was investigated.
To clarify the mechanism of this dynamic motion, in this study we measured the contact angle using different electrolytes and gas atmosphere used in a previous study. The relationship between the wettability and the electrochemical reaction of the HOR and the hydrogen evolution reaction (HER) is thus discussed in detail.
Experimental
The experimental apparatus and method have been described in our previous paper. 17 The main points were mentioned here. The working electrode was a disk-shaped platinum sheet (φ 42 mm × 0.1 mm), and the counter electrode was a palladium electrode (φ 4 mm × 0.1 mm). The center of the platinum disk was perforated and a palladium wire was attached at the perforation. The platinum electrode was polished with 1.0-, 0.3-, and 0.05-μm alumina powder. The reference electrode was a palladium wire (φ 0.5 mm, 99.99%, Nilaco Corp.). All the potential values mentioned in this paper are referenced to this wire. Before the measurements, all electrodes were ultrasonically cleaned in ethanol and in purified water for 5 min each. * Electrochemical Society Active Member.
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Hydrogen gas was fully absorbed onto the palladium electrodes by the electrolysis method. An aqueous potassium hydroxide solution or a sulfuric acid solution (Wako Pure Chemical Industries) were used as electrolytes. The solutions were degassed using pure hydrogen gas for 2 h. A droplet from the syringe needle was placed over the center of the electrodes. Hydrogen gas was flowed at a rate of 100 mL min −1 during the experiments.
Electrochemical measurements (HZ-3000, Hokuto Denko Corp.) were performed in potentiostatic mode for 600 s at 298 K. During the measurements, a side view of the droplet was recorded using a CCD camera and the overhead view was imaged by confocal laser scanning microscopy (VK-X100, Keyence) with a helium neon laser (633 nm).
Results and Discussion
The time variation of the contact angle at the open circuit potential (OCP) was measured to study the effect of pH. An electrolyte solution of H 2 SO 4 (0.5 M) or a solution of KOH (0.001 M, 0.01 M, 0.36 M or 4.46 M) was dropped onto a platinum plate under a hydrogen atmosphere. Figure 1 shows the contact angle 600 s after dropping. The angle decreased with an increase in pH and a steady-state value was obtained (pH > 13). The contact angle under hydrogen gas was a few degrees lower than that under oxygen. 17 This indicated that platinum became more hydrophilic under hydrogen, which inhibited the formation of the oxide surface layer. 22, 23 Two aqueous solutions of 0.36 M KOH and 0.1 M H 2 SO 4 were chosen as a model electrolyte of alkaline and acid, respectively. An anodic potential was applied to the platinum electrode. Hydrogen was oxidized on the electrode when using the alkaline electrolyte (H 2 + 2OH − → 2H 2 O + 2e − ) and the acidic electrolyte (H 2 → 2H + + 2e − ). We refer to this as the fuel cell mode. A confocal microscope image was obtained of the top of the meniscus rims when in fuel cell mode. Fig. 2 shows sequential images of the alkaline droplet when the electrode potential was set to −0.2 V. The black area demonstrated the shadow of the droplet and the bright one was dry electrode surface. The arrow in Fig. 2 indicated the meniscus rim. The formation of many fine drops in front of the meniscus rim was clearly observed at 600 s. The size and number of the drops increased with an increase in the anodic potential. Although fine drops were present during the ORR, 17 no creeping motion of the meniscus rim was observed at any potential.
The fine drops are attributed to condensation from the water vapor phase upon exposure to the cold metal. The condensation was probably caused by a difference in the water vapor pressure associated with a temperature or concentration gradient. 24 The rate of the HOR depends on the electrode's position. Therefore, the reaction occurs preferentially at the meniscus where the dissolved gas can diffuse through the short path between the gas/liquid interface and the electrode. This generates a heterogeneous current distribution between the meniscus rim and the center of the electrode. It has been reported that the difference in vaporization rate is more important than the concentration gradient. The solution with a lower KOH concentration near the meniscus rim was easily vaporized. 25 The contact angle of the alkaline and acidic droplets was measured using side view images from the CCD camera. Fig. 3 shows the time variation of the contact angle when several anode potentials were applied. The contact angle of both the alkaline and acidic droplets decreased slowly by a few degrees for 600 s. The angle values did not depend on the potential. The values of the alkaline droplet were in the range of 50
• -60
• , and these were smaller than those of the acidic droplet (60
• -65 • ). The pH of the meniscus changes slightly because the HOR consumes hydroxide ions from the alkaline solution and produces proton in the acidic solution. From the dependence of pH on the contact angle, the wettability of the meniscus should have a hydrophobic tendency. However, we obtained unexpected results. The variation in pH is likely too small to change the contact angle. Furthermore, the weight of the droplet causes difficulties in lifting the droplet interface. (Fig. 4a) does not depend on electrode potential. This suggests that the reaction is controlled by a mass transport limitation. In fact, as soon as the measurement was started the current decreased sharply for 40 s. The dissolved hydrogen gas was quickly consumed and the concentration was diluted because of the slow dissolution process or because of the diffusion rate of the dissolved gas.
Conversely, the current in the acidic electrolyte increased with an increase in anodic potential (Fig. 4b) . The dissolved gas was supplied to the reaction site efficiently. The reaction was dominated by an electron transfer limitation under the current test conditions.
The same experimental conditions as those for the fuel cell mode were used with the exception that a cathodic potential was applied to the working electrode. This led to the evolution of hydrogen gas by the reduction of water in the alkaline electrolyte solution (2H 2 O + 2e − → H 2 + 2OH − ) and the evolution of protons in the acidic electrolyte solution (2H + + 2e − →H 2 ). We refer to this as the water electrolysis mode. Fig. 5 shows the time variation of the contact angle during the HER when electrolysis was carried out at several cathodic potentials. The angle decreased with an increase in the cathodic potential in both electrolytes. In the alkaline electrolyte, the meniscus rim rapidly crept onto the surface and the droplet became flat at around 50 s (Fig. 5a ). This agrees with our previous results for the ORR. A common point for both the HER and the ORR is the elevation of pH. The concentration of hydroxide ions in the meniscus can be attributed to the lower surface tension. 26, 27 The contact angle of the acidic droplet did not change between the OCP and -0.5 V while at −0.9 V it decreased from 60
• to 40
• (Fig. 5b) . The meniscus rim at −0.9 V gradually crept on the surface. Fig. 6 is a plot of the cathodic current 600 s after electrolysis upon the application of several potentials. Contrary to the fuel cell mode in the alkaline electrolyte, the HER was not dominated by mass transport. The contact area increased upon droplet depression. Moreover, some microscopic convection was apparent because of gas bubble evolution. [28] [29] [30] The convection likely assisted in the mixing of the solution in the meniscus and in the removal of surface-blocking bubbles. In the acidic solution, the HER current was constant regardless of electrolysis time and cathode potential except at −0.9 V (Fig. 6b) . The small cathodic current can probably be attributed to the high overpotential. The HER was not very noticeable under the present conditions. This explains the independence of the contact angle from the potential (Fig. 5b) . Once the electrode potential overcame the overpotential, the current remarkably increased with an increase in the cathode potential (< −0.7 V), at which the concentration of protons in the meniscus decreased and the three phase interface became hydrophilic.
Conclusions
In situ observations of the droplets presented here clearly demonstrate a dynamic motion of the meniscus and the formation of fine droplets on a platinum electrode, and this correlated well with the HOR and the HER. In addition to the ORR, the spread of the threephase interface during the HER is explained by pH elevation, which can reduce surface tension. The motion of the meniscus in the alkaline droplet was more prominent than that of the acidic droplet, and this is attributed to the large overpotential of the HER. The hydrophilic property during the HER enhanced the cathodic current because of the short diffusion path of dissolved hydrogen gas and the apparent increase in the reaction area. In contrast, the rate of the HOR did not increase when using an alkaline droplet, which suggests a mass transfer limitation.
